␤-Defensins are small secreted antimicrobial and signaling peptides involved in the innate immune response of vertebrates. In humans, a cluster of at least 7 of these genes shows extensive copy number variation, with a diploid copy number commonly ranging between 2 and 7. Using a genetic mapping approach, we show that this cluster is at not 1 but 2 distinct genomic loci Ϸ5 Mb apart on chromosome band 8p23.1, contradicting the most recent genome assembly. We also demonstrate that the predominant mechanism of change in ␤-defensin copy number is simple allelic recombination occurring in the interval between the 2 distinct genomic loci for these genes. In 416 meiotic transmissions, we observe 3 events creating a haplotype copy number not found in the parent, equivalent to a germ-line rate of copy number change of Ϸ0.7% per gamete. This places it among the fastest-changing copy number variants currently known.
H
umans differ in diploid DNA dosage of certain regions. The introduction of new technologies has allowed a more accurate appreciation of the true scale and frequency of this dosage variation, or copy number variation (CNV), in the human genome (1) (2) (3) (4) . It is clear that it contributes to variation in gene expression (5) and that it is associated with variable phenotypes (6) , including infectious and autoimmune disease (7) (8) (9) . Although there have been interesting recent studies on the mechanisms by which copy number may be altered in the germ line (10) (11) (12) (13) , there are relatively few loci that have been studied in detail, and it is likely that mutation rates and mechanisms will differ between individual loci. The CNV in human ␤-defensin genes involves a cluster of at least 7 ␤-defensins in 8p23.1, including genes encoding proteins known to have antimicrobial properties (14) but which also have other functions and effects (15, 16) . For most of these genes there is little detailed information about function and expression (14) , and the ␤-defensin CNV forms part of a complex spectrum of population and evolutionary dynamics in this region of the genome (17) . Nearly all individuals have between 2 and 7 copies of this cluster per diploid genome (18) (19) (20) (21) , but some individuals can have up to 12 copies, with the highest-copy-number haplotypes forming the basis of the cytogenetic 8p23.1 euchromatic variant (18, 22) . In the more frequent copy number range, low ␤-defensin copy number has been reported to be associated with Crohn's disease of the colon (23) and high copy number with predisposition to psoriasis (20) . This common variation may be involved in predisposition to other inflammatory disorders, but progress in these association studies has been hampered by the difficulty of measuring copy number accurately for large numbers of samples (24, 25) .
This region contains another large-scale structural polymorphism: a common inversion that involves nearly the whole chromosome band (26, 27) , which is apparently mediated by recombination between clusters of repeats at the flanking proximal (REPP) and distal (REPD) regions (Fig. 1 ). REPP and REPD contain not only olfactory receptor gene repeats but also complex and polymorphic clusters of FAM90A genes (28) . Approximately onequarter of Europeans and one-third of Japanese are heterozygous for this inversion; in these heterozygotes unequal recombination can lead to the formation of the pathological rearrangement inv dup(8p) or its reciprocal product, ϩder (8) (26, 29) .
The combination of frequent structural polymorphism involving extensive repeat-rich regions of unknown variable size makes the sequence of the REPD and REPP regions extremely difficult to assemble (30) . Because of the large size of the repeats and the multiple individuals used to generate BAC libraries used in genome assemblies, even long Sanger sequencing reads and deep clone coverage have not, as yet, resolved a gap at this region in the human genome assembly. The REPD and REPP regions are very similar to other olfactory repeat regions, which are themselves copy number variable (31) . This makes selecting clones for cytogenetic probes and accurately interpreting results difficult because of variable hybridization intensities against different olfactory repeat regions and extensive cross-hybridization. An accurate representation of the sequence of this region may be resolved only by constructing several alternative allelic assemblies and determining the frequency of those allelic assemblies in the population. It is likely that the uncertainty surrounding this region is responsible for misinterpretation of cytogenetic signals in some studies (32, 33) .
We decided to use a genetic approach to investigate the structure and mutation processes at the ␤-defensin CNV, which does not a priori assume correct physical mapping of the region. Little is known about the processes generating and maintaining CNV; most new mutation is assumed, and in some cases has been demonstrated, to occur by nonallelic homologous recombination between flanking repeats generating reciprocal products with a loss and a gain of a repeat, respectively. Given the functional consequences of this region and its relevance to disease, it is clearly important that these questions are addressed.
Results
To examine mutation processes at the ␤-defensin CNV, we analyzed inheritance of the region in pedigrees for de novo mutation or recombination events. We determined copy numbers of the variable ␤-defensin CNV in Centre d'Etude du Polymorphisme Humain (CEPH) family members using the paralogue ratio test (PRT), combined with analysis of variant ratios at microsatellites EPEV-1 (18) and EPEV-3, and the multiallelic length polymorphism including the indel rs5889219. PRT is a development of the multiplex comparative PCR approach that uses a single primer pair to amplify both test and reference loci, leading to more accurate and robust copy number determination (24) . Ratios of products from multiallelic length polymorphisms could be used to confirm copy number measurements; for example, amplification of 3 variants with yields in the ratio 2:2:1 strongly suggests a copy number of 5 (see, for example, the rs5889219 profile of 133306 in Fig. 2 ). Although not fully informative (for example, a 6-copy sample might have variants in the ratio 2:1, compatible with any multiple of 3), these ratio-based measurement methods provided valuable additional information by distinguishing different repeat identities in the analysis of segregation. By contrast, simple ''copy-counting'' methods like PRT give unambiguous information on copy number but provide no information on the individual identities of the repeat units.
We combined these approaches to establish the pattern of ␤-defensin transmission in 208 offspring from 26 CEPH families. Consistent with previous data (18) (19) (20) (21) , copy number among the parents of these 26 families varied between 2 and 7, with a modal copy number of 4 and a mean of 4.58. We observed that at least 24 offspring inherited recombinant haplotypes in which parental copies of the ␤-defensin repeat had been reassorted. In many instances the haplotype copy number was unchanged, but in some cases a new copy number was found in the recombinant chromosome; in Fig. 2 , for example, child 133306 receives a recombinant maternal chromosome carrying 3 repeat units, whereas children inheriting nonrecombinant haplotypes show that the mother (133302) has 2 2-copy haplotypes. The data in Fig. 3 show that children 134106 and 134109 have each received different (reciprocal) recombinant maternal haplotypes, but with no change in the haplotype copy number. Most unexpectedly, mapping the positions of the crossover breakpoints using CEPH segregation data showed that these recombinations cannot all simply be occurring within a coherent block of ␤-defensin tandem repeats; the breakpoint of the maternal crossover in 133306, for example, is located proximal to rs2001329 at position chr8:11,024,269 on the March 2006 Genome Assembly, Ϸ3 Mb proximal to the assembly position of the ␤-defensin repeats (Fig. 4) . In some transmissions, for example, the paternal chromosome of 1329208 [see supporting information (SI) Fig. S1 ], where parental repeats share many variants, the multiallelic markers typed were not sufficiently informative to specify that crossovers deduced from flanking markers necessarily involved reassortment of ␤-defensin repeats. For this reason, the rates we deduce for these reassortment processes are underestimates. In principle, somatic deletion, duplication, or rearrangement of ␤-defensin repeats in CEPH lymphoblastoid cell lines could lead to anomalous genotypes that mimic these recombinations. However, all 3 events that we document here that alter haplotype copy number not only accompany an unambiguous germ-line recombination event in 8p23.1, but also involve clearly identifiable repeat units from the other parental haplotype and so cannot be explained by simple cell line rearrangements deleting or duplicating existing copies.
These and other genetic mapping data, summarized in Fig. 4 and Dataset S1, and shown in full in Fig. S1 and Table S1 , forced us to conclude that some of the ␤-defensin repeats segregating in these CEPH pedigrees could not be located at the established interval in the genome assembly (within REPD at approximately chr8:6,900,000-8,150,000) but instead mapped to another site more proximal on chromosome 8p. Analysis of crossover breakpoints in CEPH segregation data (Table S1) showed that this second site must be bounded by AFMb294yg5 (chr8:11,515,050) distally and AFM205tb10 (chr8:14,724,000) proximally, shown as the hashed region labeled ''Proximal'' in Fig. 4 . We saw no examples of segregation inconsistent with location of ␤-defensin repeat units at one or both of these sites on chromosome 8p. One crossover in child 135009 involved a breakpoint between ␤-defensin repeats already mapped to the proximal site by crossovers in other children (135005, 135006, and 135008); the placement of the breakpoint in 135009 is consistent with the results of other mapping data and allows further refinement of the proximal site to a smaller interval by placing a proximal bound at chr8:12,880,230. We therefore conclude that, in addition to the known location in distal 8p23.1, variable numbers of ␤-defensin repeats can also be found at a location in proximal 8p23.1 (Fig. 4) , probably within the REPP repeat region, which shares considerable sequence identity with REPD. Furthermore, these same data also demonstrate that reassortment of repeat units between haplotypes by germ-line crossover is the primary mechanism for the generation of new CNV in ␤-defensin genes, with Ϸ6% of transmitted haplotypes (24 of 416) bearing new combinations of repeat units and Ϸ0.7% undergoing a change in the total haplotype copy number (3 of 416: 95% confidence interval 0.2-1.85%).
The 2 ␤-defensin CNV locations correspond approximately to the end points of a large inversion polymorphism flanked by olfactory receptor repeats (26) . Published genetic mapping data (27) , confirmed by our own observations in this work, suggest that the distal breakpoint of this inversion maps to the assembly interval chr8:6,741,958-8,805,729 and the proximal boundary to the interval chr8:11,515,050-12,786,453. This same analysis has shown that the inverted state of this polymorphism is not the result of a ''once-only'' event, such that all inverted haplotypes are descended from a common ancestor, but rather appears to have been independently generated and/or to have reverted several times in human populations. Recent fosmid sequencing data also suggest that different inversion alleles exist with different breakpoints (3). We also find little clear stratification in the multiallelic marker genotypes of ␤-defensin repeat units between proximal and distal loci. Indeed, repeats bearing identical combinations of alleles (e.g., EPEV-1 169 bp/EPEV-3 139 bp/rs5889219 125 bp) can be found at both loci, suggesting that they are related by recent descent from a common ancestral repeat and have thus been recently exchanged between the sites.
This polymorphic inversion spanning the region will cause apparent levels of recombination between the loci to be dependent on inversion genotype; pairing may be suppressed in inversion heterozygotes, and any recombination produces chromosome structures that will impair the viability of offspring. This will have 2 effects: first, the contribution of allelic recombination across 8p23.1 to de novo generation of copy number haplotypes will vary from family to family based on the parental inversion genotypes. Similarly, the copy number haplotype diversity between populations will be influenced by the frequency of the 8p23.1 inversion in the Fig. 2 . CEPH offspring 133306 inherits an altered copy number after recombination between maternal haplotypes. Paternal (red/blue) and maternal (black/cyan) haplotypes in the parents (133301 and 133302) were defined by analysis of grandparental genotypes and of segregation patterns into nonrecombinant offspring (e.g., 133304 and 133308) at the multiallelic indel rs5889219 (Left) and the microsatellite EPEV-3 (Center). Right shows an interpretation of the segregation pattern in which EPEV-3 alleles are shown in rectangles and rs5889219 alleles are shown within ellipses. The appearance of a recombinant C/D haplotype in offspring 133306 coincides with a maternal crossover in the interval, as deduced from CEPH segregation data (see Fig. 4 and Table S1 ).
populations. This emphasizes the close relationship between the 2 forms of structural variation, and we predict that a higher frequency of the inversion allele will decrease the rate of generation of copy number haplotype diversity in a population, although other factors such as selection and drift will influence the level of diversity observed.
If the ␤-defensin CNV and the inversion polymorphism are coupled in this way, selection for ␤-defensin copy number may be one of the factors influencing the dynamics of the inversion in human populations. However, although the details are likely to be complicated, it is expected that a mechanism of selection that depends on aggregate diploid copy number summed over 2 linked but distinct loci, between which there is a high but individually variable frequency of recombination, will be weaker and less deterministic than at a single, stable locus. Nevertheless, a stable distribution can emerge if there is selection against extreme copy numbers (34). Although case-control association studies (20, 23) at present constitute the only current evidence that selection may be operating on human ␤-defensin copy number, we note that recombination between distal and proximal sites is expected in at least 4% of transmitted chromosomes (sex-average). Furthermore, among parental chromosomes shown by genetic mapping to lack ␤-defensin region repeats at 1 of the 2 locations, null sites are found at both the proximal and distal locations; for example, 10202 haplotype D is null at the proximal location, and 133302 haplotype D is null at the distal location (see Fig. S1 ), such that completely null (zero-copy) haplotypes could be created by simple allelic recombination between such chromosomes. By contrast, in typing Ͼ1,500 unrelated individuals for ␤-defensin copy number (18-20, 24), we have observed only a single example of an individual with 1 copy, suggesting that zero-copy haplotypes are infrequent and may be very rare. However, a zero-copy haplotype is most likely to be found in combination with a 2-copy haplotype and thus will escape unambiguous detection by diploid copy number measurement alone; we do not yet have sufficiently precise data on frequencies of haplotypes with different copy numbers at each site to establish whether the observed frequency of 1-copy individuals represents a significant departure from the predictions of a neutral model. In the particular case of the known 1-copy individual, ethical conditions agreed before collection of the DNA sample prevented further investigation of any associated phenotype. Fig. 4 and Table S1 ).
Discussion
We have used a genetic approach to map and characterize the ␤-defensin CNV region by identifying recombinant chromosomes in large pedigrees and subsequent linkage analysis. This shows unequivocally 2 separate loci for the ␤-defensin CNV region separated by several megabases of single-copy sequence, mapping to locations consistent with REPP and REPD repeat regions. Physical mapping data from radiation hybrid panel Genebridge 4, using polymorphic short tandem repeats within the ␤-defensin repeats as novel sequence-tagged sites, confirms 2 separate ␤-defensin CNV loci (ref. 35 and unpublished data).
At both proximal and distal ␤-defensin CNV loci, we have examples of 0, 1, or 2 copies. Simple meiotic crossing over between the loci at a frequency equivalent to the genetic distance between them can generate new copy number haplotypes very rapidly, as observed in this study. Given the evidence for recurrent inversion between the proximal and distal ␤-defensin loci discussed above, 1 simple mechanism for the creation of diversity in the placement of ␤-defensin repeats would be for frequent flipping of this sequence between different inversion states to sometimes include, and sometimes exclude, ␤-defensin repeats at each location. Although the copy-variable ␤-defensins have generally been treated as outside the inverted segment (28, 29) , it is evident that at least at the distal locus they are located between complex nested series of repeat sequences (REPD) (17, 26, 29, 30) , of which different elements may sponsor a variety of exchanges, including recombination between inverted repeats at REPP to mediate a change in inversion status. Despite the dynamic nature of the defensin repeats, it is clear that there are few if any repeats of variant gene composition; measurements of copy number within the defensin CNV have shown that the copy numbers of all genes in the repeat vary coordinately (18, 21) .
Initial DNA sequence analysis of DEFB4 and DEFB103 in these CEPH pedigrees, using segregation in recombinant offspring to map sequence variants to the proximal or distal sites (our unpublished work), has not yet revealed any variants strongly associated with location at either site or any variants predicted to have an effect on gene function. Variation at more than one site may provide at least a partial explanation for the failure of attempts to find SNP variation in strong linkage disequilibrium with ␤-defensin copy number (1) . Analyses based on integrated information from SNPs at both sites may be more successful, but it remains likely that frequent germ-line recombination of repeat units into new haplotypes will mean that even combined 2-locus prediction of ␤-defensin copy number from flanking SNP genotypes will be too inaccurate to be of practical use. This unusual mechanism of frequent diversification by crossing over between distinct sites is unlikely to be responsible for diversification at many other CNV loci and may even be unique to the ␤-defensin CNV. The mechanism does imply, however, that if an association is seen between ␤-defensin copy number and a clinical phenotype, such as psoriasis (20) , it is very unlikely that copy number is indirectly associated (as a proxy for a directly associated sequence variant) and more probable that in such an association the effect is attributable to defensin gene copy number itself.
Materials and Methods
Pedigrees and Linkage Analysis. We analyzed ␤-defensin copy number in DNA samples from 26 of the 2-and 3-generation CEPH reference pedigrees, including a total of 208 offspring. CEPH segregation data for loci on chromosome 8 were obtained from the CEPH genotype database v.10 (www.cephb.fr/cephdb/). The genotypes for rs2203837 in family 104 created an anomalous crossover break- Fig. 4 . Genetic mapping of ␤-defensin repeats relative to crossover breakpoints in CEPH pedigrees, shown against genome assembly coordinates. The approximate locations of REPP and REPD are shown, as are the intervals containing the inversion endpoints. The crossovers indicate, at the top, selected unidirectional recombinants mapping the location of all repeat units on a haplotype, identified by family and individual name and parent of origin (e.g., ''6607M'' is the maternal haplotype of child 07 in family 66). Below are shown selected crossovers that map repeats to the proximal and/or distal sites; the numbers of repeats mapping in each direction are indicated, and the hashed segments indicate uncertainty in the placement of breakpoints because of the lack of informative markers. Based on these data, ␤-defensin repeats can be mapped to the distal and proximal intervals shown at the bottom. point, and, after individual retyping, the genotypes for individuals 10407 and 10408 were corrected; otherwise CEPH database segregation data were used without further analysis or correction. Linkage analysis of markers on chromosome 8 was performed by using the CHROMPIC option of CRIMAP (36) and corresponding physical locations inferred against the noninverted orientation of the region as represented in the UCSC March 2006 Genome Assembly (hg18, NCBI Build 36).
Copy Number and Multiallelic Marker Analysis. Copy number of the ␤-defensin repeat unit in CEPH family members was determined by combining different and complementary methods of analysis. A PRT used comparative PCR between the heat-shock protein pseudogene HSPDP3 and an unlinked reference locus on chromosome 5 as described (24) to produce an estimate of copy number per diploid genome. We used analysis of 3 multiallelic loci within each repeat, both to confirm the copy numbers determined by PRT and to distinguish repeat units in segregation analysis. These multiallelic markers were 2 microsatellites, EPEV-1 and EPEV-3, and a multiallelic indel at chr8:7,363,807-7,363,976. The (AG) n microsatellite EPEV-1 was typed as described (18) ; typing the (AC)n microsatellite EPEV-3 used primers HEX-EPEV3F (Hex)-GATACTGTGAACTACAGATCAC and EPEV3R CTGCCCTGATTCAGTATTGAAC.
The multiallelic indel at chr8:7,363,807-7,363,976 includes the dinucleotide indel rs5889219 and for clarity will be here referred to simply as ''rs5889219.'' However, PCR using the primers FAM-5DELF (Fam)-AAACCAATACCCTTTCCAAG and 5DELR TCTTTTGTTTCAGATTCAGATG produces a product of variable length including not only the 2-bp deletion at rs5889219 but also a 5-bp deletion, thus yielding 3 variant products of lengths 126, 129, and 131 bp. These products have a biased strand composition and on capillary electrophoresis with fluorescent detection migrate with mobilities corresponding to 119, 123, and 125 nt, respectively, which are the allele designations used in our genotype data. By using the alternative reverse primer 5DELR2 CCCCAATTCATTAGGGTTTTT, we also included length variation from an (A) 7-9 mononucleotide array, so that 4 distinct products can be detected with apparent lengths on capillary electrophoresis of 167, 169, 171, and 172 nt. Additional information from this alternative assay at rs5889219 was useful in clarifying the segregation pattern in some families.
The microsatellites EPEV-1 and EPEV-3 underwent polymerase slippage during PCR amplification. To minimize the effect on variant dosage ratios, the yield of each product had to be corrected for the effects of this slippage. Where different length products were well-separated by electrophoresis, the slippage products from distinct variants could be simply added to the main peaks. If the main peaks were adjacent to one another, it was assumed that the slippage process affected the different variants equally in calculations reconstructing the true yield of each product from electrophoretic profiles.
In some families where additional information was required we also typed the microsatellite EPEV-2 as described (19) and measured copy number using the alternative PRT system PRT107A using primers FAM-PRT107AF (5Ј FAM-AGCCTCATTTAACTTTGGTGC) and PRT107AR (GGCTATGAAGCAATGGCCTA).
Integration and Analysis of Data. The pattern of segregation for HSPDP3 PRT and the multiallelic markers was generally consistent within a pedigree. In some families or individuals, the apparent copy number deduced from PRT was different from the very clear copy numbers indicated by multiallelic markers. In nearly all of these cases, which we attribute to the poor condition of some DNA samples (on the basis that alternative DNA stocks when available resolved many of the anomalies), we were able to verify the correct copy number by typing PRT107A in parental DNA samples. In no case did we observe any consistent evidence for variant repeat units containing only some of the regions assayed. The dataset collated for all families is summarized as Fig. S1 and tabulated in Dataset S1. Our genetic mapping data allow us to define the orientation of the inversion polymorphism only in parents of offspring who show a crossover in the interval. For 1 parent (136202) this allowed us to demonstrate that the parent was homozygous for the inverted orientation; in all other parents from whom crossovers were defined, segregation data indicated homozygosity for the noninverted orientation. For simplicity, data on crossovers from 136202 have been shown using coordinates based on the noninverted orientation, but with designation of proximal and distal markers in the orientation appropriate for inverted chromosomes (Table S1 ).
